Myelin insulates axons in the peripheral nervous system to allow rapid propagation of action potentials, and proper myelination requires the precise regulation of genes encoding myelin proteins, including PMP22. The correct gene dosage of PMP22 is critical; a duplication of PMP22 is the most common cause of the peripheral neuropathy Charcot-Marie-Tooth Disease (CMT) (classified as type 1A), while a deletion of PMP22 leads to another peripheral neuropathy, hereditary neuropathy with liability to pressure palsies. Recently, duplications upstream of PMP22, but not containing the gene itself, were reported in patients with CMT1A like symptoms, suggesting that this region contains regulators of PMP22. Using chromatin immunoprecipitation analysis of two transcription factors known to upregulate PMP22-EGR2 and SOX10-we found several enhancers in this upstream region that contain open chromatin and direct reporter gene expression in tissue culture and in vivo in zebrafish. These studies provide a novel means to identify critical regulatory elements in genes that are required for myelination, and elucidate the functional significance of non-coding genomic rearrangements.
INTRODUCTION
Myelin is a lipid-rich electrical insulator of axons and is required for rapid propagation of action potentials along axons. In the peripheral nervous system, each myelin sheath is composed of a Schwann cell wrapping around a single axon, creating layers of membrane containing myelin structural proteins, including the membrane protein peripheral myelin protein 22 (PMP22) (1) . The genes encoding myelin structural proteins are upregulated early in development and are required for the correct formation of the myelin sheath. A 1.4 Mb duplication of chromosome 17, containing the PMP22 gene, causes the most common type of the demyelinating peripheral neuropathy Charcot-Marie-Tooth disease, type 1A (CMT1A) (2 -4) , while a deletion of one copy of the same region causes hereditary neuropathy with liability to pressure palsies (HNPP) (5, 6) . Although the human 1.4 Mb duplication contains many genes besides PMP22, point mutations in PMP22 also cause CMT1A and HNPP (7) . Additional evidence for PMP22 as the disease-causing gene within the 1.4 Mb duplication was also provided by rodent models for CMT1A, showing that transgenic overexpression of Pmp22 (8 -13) causes a CMT1A-like peripheral neuropathy. These rodent models have been used to demonstrate that lowering expression of Pmp22 improves myelination (12, 14, 15) . Therefore, a better understanding of PMP22 transcriptional regulation will provide a mechanistic basis to modulate the levels of PMP22, and provide the basis for identifying novel treatments for CMT1A and HNPP patients.
PMP22 is expressed from two alternate promoters, P1 transcribing exon 1A and P2 transcribing exon 1B, with the same protein produced with the translation start site in exon 2. The region immediately upstream of the Pmp22 P1 promoter contributes to the regulation of this locus in Schwann cells * To whom correspondence should be addressed. Tel: +1 6082634246; Fax: +1 6082633926; Email: jpsvaren@wisc.edu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com (16) (17) (18) (19) . However, the P1 promoter cannot direct transgenic expression in peripheral nerve similar to endogenous PMP22, suggesting that other regulatory elements are involved (20) . Two transgenic studies found overlapping upstream regions that lead to Schwann cell-specific expression (20) (21) (22) . Transgenic reporter gene expression in mice showed that this upstream region recapitulates the later expression of endogenous Pmp22 and was named the 'late myelination Schwann cell-specific element' (LMSE) (20) . A region that directs earlier developmental expression was recently found in the largest intron of PMP22 at 11 kb downstream of the translation start site (23) . Given the extremely high expression level of PMP22 in peripheral nerve, these studies indicate that PMP22 is coordinately regulated by multiple enhancers.
While proximal regulatory elements often are the first to be identified, there are many examples of genes that are regulated by more distal enhancers. Interestingly, copy number variation (CNV) analysis in patients with a mild form of CMT identified genomic duplications upstream of but not containing the PMP22 gene (24, 25) . The two duplicated regions overlap by 168 kb (NCBI build 36 Chr17:15,143,663 -15,311,619) and contain the TekT3 gene, which is primarily expressed in the testes (26) and is involved in sperm motility (27) . Because duplication of these upstream genomic segments results in a phenotype similar to the overexpression of PMP22, without duplication of the gene itself, it was proposed that this large region contains PMP22 regulatory element(s) (24, 25) .
The 11 kb enhancer is upregulated by two transcription factors: early growth response 2 (EGR2/KROX20, hereafter referred to as EGR2) and SOX10. EGR2 is required for Pmp22 expression (28, 29) and also regulates many other myelin genes during early development (30) (31) (32) . SOX10 regulates Pmp22 as well (23) and is also more widely required at several stages of Schwann cell development (33) (34) (35) (36) . There is evidence that EGR2 and SOX10 work together as activators of myelin genes: SOX10 binds near EGR2 at myelin gene loci more often than would be expected by chance (37) , and SOX10 and EGR2 function synergistically at other myelin-related loci: the Connexin 32, Myelin Basic Protein and Myelin Protein Zero loci (38) (39) (40) (41) . Here, we use chromatin immunoprecipitation (ChIP) of EGR2 and SOX10 combined with massively parallel sequencing (ChIP-seq) to identify three enhancers in the 168 kb distal region. Furthermore, we provide evidence that the enhancers display hallmarks of enhancer elements, including open chromatin, activity in luciferase assays and activity in the motor nerves of zebrafish.
RESULTS

Identification of EGR2 and SOX10 in regions distal to TekT3
Our previous ChIP-chip analysis of Pmp22 had examined an area of 200 kb surrounding the gene (23) . To gain a more comprehensive analysis of EGR2-and SOX10-binding sites in this locus, we used ChIP assays in P15 rat sciatic nerve followed by massively parallel sequencing (in vivo ChIP-seq). The sciatic nerve is highly enriched in Schwann cells, and EGR2 and SOX10 are selectively expressed in this cell type (30, 33, 42) . ChIP-seq identified several peaks of both EGR2 and SOX10 binding far upstream of Pmp22 and TekT3 and within the 168 kb region duplicated in patients (Fig. 1) . Peak analysis was performed using the MOSAiCS program (43) controlling the false discovery rate at 0.05. MOSAiCS uses a model-based approach, where the background distribution for unbound regions takes into account systematic biases, such as mappability and guanine/cytosine (GC) content, and the peak regions are described with a two component negative binomial mixture model. A strong peak of EGR2 was identified at the previously identified 11 kb enhancer within PMP22, but due to the stringency of the MOSAiCS program the SOX10 peak at 11 kb was not identified (23) . Additionally, a strong peak of SOX10 was identified at the previously identified LMSE element (20) . Three peaks of overlapping EGR2 and SOX10 were identified at 2120, 2115 and 291 kb in relation to the Pmp22 translation start site (Fig. 1A) .
To validate the occupancy of EGR2 and SOX10 at these sites, we used ChIP assays in both the S16 rat Schwann cell line and in vivo using rat sciatic nerve. The S16 cell line expresses near physiological levels of Pmp22 gene expression (44) , and comparative analysis indicates that many myelin gene regulatory sites are occupied both in vivo and in the S16 cell line by EGR2 and SOX10 (23, 41, 45, 46) . To test the specificity of the SOX10 antibody, ChIP assays were performed in S16 cells treated with either control siRNA (siNeg) or an siRNA directed towards Sox10 (siSox10), showing that the percent recovery using the SOX10 antibody in the controltreated cells is specific to the presence of SOX10. In S16 rat Schwann cells, significant binding of SOX10 at the positive control site, 11 kb, 2115 and 291 kb and a smaller amount at 2120 kb was detected relative to the negative control immunoprecipitation (siSox10). In contrast, little or no SOX10 binding was detected at a negative control site lacking a SOX10 peak in the ChIP-seq (Neg 2108 kb) (Fig. 1B) . Although there is a small amount of recovery at the negative site, the recovery is higher at the sites of interest. In fact, SOX10 binding is detected at lower levels at several sites throughout the Pmp22 locus (data not shown). Background binding likely reflects general affinity of SOX10 for DNA, particularly since its binding site is relatively noncomplex and similar analyses of other factors have identified weak binding throughout the genome (47) . In vivo SOX10 ChIP performed in P15 rat sciatic nerve also detected occupancy of SOX10 at the 2120, 2115, 291 and +11 kb regions compared with a non-specific IgG control antibody. In contrast, there is very little occupancy of SOX10 at a negative control site (Neg 2108 kb) (Fig. 1D) . The relative percent recovery of SOX10 is the highest at the 291 kb site in S16 cells and in vivo, which is consistent with the relative peak heights in the ChIP-seq data.
ChIP using an antibody directed towards EGR2 in both S16 cells and in vivo shows that EGR2 binding overlaps with SOX10 at 2120, 2115, 291 kb, and the positive control, 11 kb, but much less at a negative control site (Neg 2108 kb) ( Fig. 1C and E) . The relative percent recovery of EGR2, with the highest recovery of EGR2 at 2115 kb, both in S16 cells and in vivo is in agreement with the ChIP-seq data, suggesting that 2115 kb is the ChIP-seq analysis of EGR2 and SOX10 binding was performed using antibodies directed at either EGR2 or SOX10 in rat sciatic nerve at P15. ChIP using each antibody was performed with two biological replicates. A single read, 36 bp run was performed and reads were mapped to the Rattus norvegicus genome Rn4. Sequencing of input DNA was used to assess the distribution of reads from sonicated peripheral nerve chromatin (28 million reads). Peak finding was performed using the R package MOSAiCS (43) 
Chromosomal context of newly identified enhancers
The three genomic regions exhibiting SOX10-and EGR2-binding are directly upstream of the TekT3 gene. Although TEKT3 expression is restricted to the testis compared with other tissues (26, 27) , it is possible that the 168 kb duplicated region contains enhancers of TekT3. Quantitative polymerase chain reaction (PCR) was used to determine the level of TekT3 expression in rat sciatic nerve or S16 rat Schwann cells compared with testis, a tissue where TekT3 is highly expressed (26, 27) . While TekT3 is highly expressed in mouse testis, TekT3 expression is .35-fold lower in both P15 rat sciatic nerve and S16 rat Schwann cells (Supplementary Material, Fig. S1 ). As TekT3 is expressed at very low levels in Schwann cells, it suggests that enhancers active in Schwann cells are not activating TekT3 expression. The CNV also contains part of a predicted gene, CMT1A duplicated region transcript 4 (CDRT4) upstream of the enhancers. No function has been attributed to this gene, and while its expression is detected in fetal tissues, it is very low in adult tissues (26) . Primers designed to detect Cdrt4 by qPCR were unable to detect a significant level of Cdrt4 in S16 rat Schwann cells or P15 sciatic nerve (Supplementary Material, Fig. S1 ). Enhancers regulated by EGR2 and SOX10 would be expected to direct expression of targets in both S16 rat Schwann cells and sciatic nerve, suggesting that these enhancers do not activate Cdrt4.
Directly upstream of Cdrt4 is Fam18b2, a gene of unknown function. While Fam18b2 expression is detected in both S16 rat Schwann cells and P15 rat sciatic nerve, its expression is unaffected by reducing SOX10 levels using siSox10 (Supplementary Material, Fig. S1 ). This suggests that SOX10-regulated enhancers are not activating FAM18B2 expression.
Upstream PMP22 elements are active in reporter gene assays
To determine whether regions A, B and/or C have enhancer activity, the DNA sequences identified with EGR2/SOX10 peaks were cloned upstream of a minimal promoter directing expression of a luciferase reporter gene. Because these regions are highly conserved, the homologous human sequences were used. Region A, region B or region C was co-transfected with EGR2 in the B16/F10 melanoma cell line, which expresses Sox10 (50) but not Egr2 (51) to test for EGR2 activation (Fig. 3A) . Relative luciferase activity is determined by comparing each reporter to an empty luciferase reporter containing the minimal promoter. In this assay, region B is highly induced over 400-fold, while regions A and C have very low EGR2 induction of 2-fold. Control assays using an empty expression plasmid had no effect on these reporters (Supplementary Material, Fig. S2 ). Interestingly, regions A and C are highly active without co-transfection of EGR2, suggesting that regions A and C may be induced by an endogenous factor, making regions A and C less sensitive to further activation by EGR2 co-transfection.
To further investigate the activation of the putative enhancers, a second transfection assay was performed using S16 rat Schwann cells. Unlike the B16/F10 melanoma cell line, S16 rat Schwann cells express high levels of myelin genes, including Sox10 and Egr2, comparable to myelinating Schwann cells (44) . S16 cells transfected with the reporters were analyzed using the dual-luciferase reporter assay. All three regions exhibit enhancer activity when compared with an empty vector (Fig. 3B) . Regions A and C showed a .250-fold increase in activity, whereas region B approached a 10-fold increase in activity.
To test the enhancer activity of each genomic segment in the absence of SOX10 and EGR2, we performed similar luciferase assays in mouse immortalized motor neuron (MN-1) cells, which do not express these transcription factors (data not shown). None of the tested genomic segments displayed significant enhancer activity compared with that observed in S16 cells, or with an empty vector (Fig. 3B) .
We further harnessed the absence of SOX10 in MN-1 cells to test the responsiveness of regions A, B and C to this transcription factor. Specifically, we co-transfected the luciferase expression constructs for region A, B or C with an expression construct for SOX10 and compared the luciferase activity with an empty vector in the presence of SOX10. This revealed that SOX10 significantly increased the enhancer potential of all three genomic segments (Fig. 3C ). An empty expression vector not containing SOX10 had no effect (data not shown) consistent with other genomic elements that have been studied in this system (52, 53) . While they may have differing sensitivities in the B16/F10 and S16 assays, PMP22 regions A, B and C display strong enhancer potential in SOX10-and EGR2-postive cells and are responsive to both factors, suggesting that these regions are transcriptionally regulated by EGR2 and SOX10.
A subset of EGR2 and SOX10 consensus sequences are essential for enhancer activity
Computational analysis revealed at least one EGR2 and/or SOX10 consensus sequence motif within PMP22 regions A, B and C (see Materials and Methods). Region A harbors a single SOX10 consensus sequence that is conserved between human, mouse, rat and dog (Fig. 4A) . Region B contains two EGR2 consensus sequences (EGR2 1 and EGR2 2) and one SOX10 monomeric consensus sequence (Fig. 4B) . The core consensus sequence (underlined text in Fig. 4B ) of EGR2_1 is conserved among all four species, while those of EGR2_2 and SOX10 have at least 1 bp difference among mammals. Finally, region C has three dimeric, head-to-head SOX10 consensus sequences (SOX10_1, SOX10_2 and SOX10_3; Fig. 4C ). Note that both of the core sequence consensus sites for SOX10_1 are conserved among human, mouse, rat and dog-this was not observed for SOX10_2 or SOX10_3 (Fig. 4C) .
To test the function of each putative site, the consensus sequences were mutagenized (Supplementary Material, Fig. S3 ) in the luciferase reporter constructs, and the enhancer activity compared with the respective wild-type construct in S16 cells. Mutagenesis of the single SOX10-binding site within region A resulted in an 85% decrease in enhancer activity (Fig. 4D) . Of the three putative binding sites within region B, only one was associated with a significant reduction ( 45%) in enhancer activity upon mutagenesis-EGR2 consensus sequence 1 (Fig. 4E) . Finally, mutagenesis of SOX10 (SOX10+ and EGR2-) . The indicated segments of the human PMP22 gene were placed upstream of a luciferase reporter gene containing a minimal TATA element. The PMP22 reporters were co-transfected in the B16/F10 cell line with expression plasmids for EGR2: 0 ng (white), 25 ng (grey) and 50 ng (black). Results are expressed as the mean + SD of normalized luciferase activity relative to the activity of the empty luciferase reporter. (B) Analysis of enhancer activity of regions A, B and C in S16 (SOX10+ and EGR2+) and MN1 (SOX10-and EGR2-) cell lines. PMP22 regions A, B and C were cloned upstream of a luciferase reporter gene and transfected into S16 and MN1 cells. Results are expressed as the mean + SD of normalized luciferase activity relative to the pe1b empty vector. (C) Constructs harboring PMP22 region A, B, or C were co-transfected into cultured MN-1 cells with an additional construct to express SOX10. Luciferase assays were then employed to test the activity of each region relative to the activity of the control ('Empty') vector, all in the presence of SOX10. Error bars indicate standard deviations, and P-values are provided for each region. consensus sequence 1 within region C resulted in an 65% reduction in enhancer activity (Fig. 4F) . Thus, each PMP22 region harbors at least one SOX10 or EGR2 consensus sequence that is required for the full enhancer activity of the wild-type genomic segment.
Regions A, B and C display enhancer activity along motor nerves in developing zebrafish
Zebrafish are a robust model for testing the enhancer activity of mammalian transcriptional regulatory elements (54) (55) (56) (57) . Importantly, myelinating Schwann cells develop in zebrafish embryos beginning at 48 h post fertilization (hpf). Furthermore, the zebrafish genome contains an ortholog of pmp22 that is expressed in Schwann cells (58) and a duplication of the pmp22 gene in the closely related medaka fish leads to reduced nerve conduction velocity. This suggests that pmp22 plays an important role, similar to the role in mammals, in the peripheral myelin of teleost fish (59) .
To assess the enhancer activity of PMP22 regions A, B and C in vivo, constructs containing each region directing expression of an EGFP reporter gene were injected into single-celled AB zebrafish embryos and analyzed at 74 hpf. For each region, EGFP expression was observed along ventral projections consistent with Schwann cells along motor nerves along the length of the zebrafish (Fig. 5A, D , G, and arrowheads in Fig. 5B, C, E, F, H, I ). This expression pattern is similar to that of motor nerve staining observed in previous studies on Schwann cells (53, 56, 57) . Expression of EGFP along the motor nerves was consistent in the majority of transient transgenic embryos assessed for each PMP22 region-73/78 (93.50%), 91/94 (96.81%) and 79/86 (91.86%) EGFP-positive embryos for regions A, B and C, respectively. EGFP expression was also observed in the zebrafish central nervous system (arrows within insets in Fig. 5A , D, G) consistent with the known expression pattern of PMP22 and central nervous system phenotypes reported in some patients with PMP22 deletions and duplications (60) (61) (62) (63) (64) . Human
considered when evaluating patients with CMT or HNPP for disease-associated mutations, and when developing therapies for these two diseases. The copy number variants (CNVs) helped direct our attention to these upstream enhancers but in retrospect, analyses of rodent models of CMT1A are consistent with the presence of additional regulatory elements far upstream of PMP22. While CMT1A patients only have one extra copy of PMP22, multiple copies of the PMP22 transgene are required to recapitulate the demyelinating phenotype in rat (10) and mouse (8,9,11,13) models. The rodent models contain multiple copies of either yeast artificial chromosomes or cosmids containing the Pmp22 gene and most lack all the upstream regulatory elements that we have identified. The rodent model requirement of multiple copies of Pmp22 is at least partly due to the lower level of transcription of the Pmp22 inserts compared with endogenous Pmp22 (11). Although this may be explained by species differences in constructs and/or position effects, we hypothesize that the lower expression can be explained, at least in part, by the lack of regions A, B and C in these model systems.
While all three upstream regions contain EGR2 and SOX10, the reporters had different activities in either the B16/F10 cells or the S16 cells. The difference in basal activities and fold inductions by EGR2 in the reporter assays may be due to the amount of SOX10 and EGR2 in the cell lines and the responsiveness of the individual reporters to either EGR2 or SOX10. Although both cell lines express SOX10, there are endogenous levels of EGR2 in S16 cells and over-expressed levels of EGR2 in co-transfection of B16/F10 cells. The sensitivity of each reporter to EGR2 activation in B16/F10 transfection assays corresponds to the relative EGR2 peak height in the ChIP-seq and qPCR analysis (Fig. 1) and to the number of conserved EGR2 sites within the element (Fig. 4) . Region B has the highest recovery using the EGR2 antibody in ChIP assays and several EGR2 sites, and has the highest EGR2-dependent activation in the B16/F10 luciferase assay. In contrast, regions A and C have much lower recovery of EGR2 in ChIP and less EGR2-binding sites. This may explain why they have comparatively low EGR2-depenedent activation in the B16/F10 luciferase assay. However, the high basal activity of regions A and C in both the B16/F10 and S16 luciferase assays does correlate with the peak height of SOX10 binding in ChIP-Seq analysis. Therefore, it seems that the high basal expression of regions A and C is due to SOX10 because of the high number of conserved SOX10 sites within these elements, and this notion is supported by the increased activity of these two regions upon the addition of SOX10 to MN-1 cells (Fig. 3) .
The differential sensitivity to EGR2 and SOX10 is a continuation of a trend seen in the previously identified enhancers, the 27 kb region within the LMSE and +11 kb. While the +11 kb enhancer was found to be very sensitive to EGR2 in transfection assays and had very high EGR2 recovery in ChIP, the 27 kb region, a small portion of the LMSE, was not sensitive to EGR2 but was sensitive to SOX10 (23) . As SOX10 is expressed much earlier in development than EGR2 (36, 65, 66) , SOX10 may be playing a role as a 'pioneer factor', meaning it is present at some regulatory regions early in development and may be preparing PMP22 to be highly upregulated immediately upon EGR2 expression.
The presence of three new far distal enhancers along with the previously identified enhancers, the LMSE (20) and the 11 kb enhancer (23) , suggests that there is coordinate regulation between several enhancers to precisely regulate PMP22 expression. The long distance (.100 kb), the presence of TEKT3 between the distal enhancers and the PMP22 promoter, and most importantly, other examples of long-range interaction of regulatory regions, suggest that DNA looping is a likely model of activation (67) (68) (69) . Overall, the identification of the three upstream enhancers helps explain the mechanism behind the CMT1A-like phenotype of patients with the upstream duplications (24, 25) . Furthermore, we now have a more thorough understanding of PMP22 regulation, which will be useful for development and analysis of therapeutic strategies for patients with CMT1A.
MATERIALS AND METHODS
Chromatin immunoprecipitation
ChIP assays were performed on pooled male and female sciatic nerves from Sprague -Dawley rat pups at postnatal day 15 or the S16 rat Schwann cell line as previously described (41, 45) , except that herring sperm DNA was omitted from the blocking procedure. The antibodies used in this study include EGR2 antibodies (Abcam cat. no. 43020 used in ChIP-seq and Covance cat. no. PRB-236P used in ChIP-qPCR), SOX10 (Santa Cruz Biotechnology, sc-17342X) and control IgG (normal rabbit IgG: Millipore 12-370 and normal goat IgG: Santa Cruz Biotechnology, sc-2028). Following recovery of ChIP DNA, quantitative PCR was performed in duplicate to calculate fold recovery of a given locus relative to non-specific IgG, using the comparative Ct method (70) . All the primers used in this study are listed in Supplementary Material, Table S1 . All experiments on rats/mice were performed in strict accordance with experimental protocols approved by the Institutional Animal Care and Use Committee, University of Wisconsin, School of Veterinary Medicine.
Construction and sequencing of Illumina libraries
ChIP samples and input controls were submitted to the University of Wisconsin-Madison DNA Sequencing Facility for ChIP-seq library preparation and sequencing. ChIP using each antibody was performed with two biological replicates. A single read, 36 bp run was performed and reads were mapped to the Rattus norvegicus genome rn4 using Bowtie (http://bowtie-bio.sourceforge.net/index.shtml) to produce SAM files for further analysis. Analysis of occupancy of SOX10 was performed in P15 rat peripheral nerve using a SOX10 antibody used previously (23, 41, 46) . ChIP assays were performed on two biological replicates from independent pools of P15 littermates. The two SOX10 replicates provided a total of 12.1 million uniquely mapped reads. The two EGR2 replicates provided a total of 11.2 million uniquely mapped reads. In addition, sequencing of input DNA was used to assess the distribution of reads from sonicated peripheral nerve chromatin (28 million reads). Peak finding was performed using the R package MOSAiCS (43) controlling the
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false discovery rate at 0.05. MOSAiCS implements a modelbased approach where the background distribution for unbound regions take into account systematic biases such as mappability and GC content and the peak regions are described with a two component negative binomial mixture model.
Formaldehyde assisted isolation of regulatory elements
The FAIRE assay on the S16 rat Schwann cell line was performed by first rinsing confluent cells with phosphate-buffered saline (PBS) and then cross-linking in PBS containing 1% formaldehyde for 5 min at room temperature (228C). Glycine was added to 125 mM and incubated for 5 min at room temperature. After washing twice with cold PBS, the cells were harvested, pelleted and frozen at 2808C. The cell pellet was thawed and sonicated on ice using the Bioruptor (Diagenode) set on high (30 s on, 30 s off for 20 min) in lysis buffer (150 mM NaCl, 10% glycerol, 50 mM Tris, pH 8.0, 2% Triton, 1% sodium dodecyl sulfate, 1 mM ethylene diamine tetraacetic acid) containing protease inhibitor cocktail (Sigma, St Louis, MO, USA; 5 ml of cocktail per ml of buffer). The lysate was cleared by centrifugation and unbound DNA was extracted with phenol:chloroform and ethanol precipitated as previously described (71) . The protocol only differed in that NaCl was used in the ethanol precipitation. Twenty percent of the crosslinked chromatin was used as an input control by reversing the cross-links at 658C overnight before phenol:chloroform extraction. The samples were analyzed using quantitative PCR with the same primer sets used in ChIP (Supplementary  Table S1 ) performed in duplicate to calculate the fold recovery of a given segment relative to the input control, using the Comparative Ct method (70) .
Transfection assays
The B16/F10 (mouse melanoma) cell line was grown and transfected as described (46, 72) . The S16 (rat Schwann) cell line and MN1 cells were grown and transfected as described (57 The reporters used in the B16/F10 luciferase assays are cloned upstream of the pGL4 luciferase reporter containing the minimal E1B TATA promoter. The reporters used in the S16 and MN1 luciferase assays were created by PCR amplifying the regions of interest and then Gateway cloned (Invitrogen) into the pe1b_R vector, upstream of a luciferase reporter gene directed by a minimal promoter (73) . For zebrafish studies, each genomic segment was Gateway-cloned (Invitrogen) into the pXIG-EGFP_F vector upstream of an EGFP reporter gene directed by the mouse C-fos minimal promoter (55) . Each construct was sequenced to ensure the specificity of the cloned genomic segment.
Mutagenesis of putative SOX10-and EGR2-binding sites
The reference human sequences for regions A, B and C were screened for putative SOX10 and EGR2 consensus-binding sites using TRANSFAC and the MATCH algorithm (74) , and the 'minimize false negatives' setting. The V$EGR2_01 and V$SOX10_Q6 transcription factor-binding site matrices were employed for this analysis. SOX10 is known to bind to DNA as a monomer or a dimer, therefore all three regions were analyzed for both monomer and head-to-head dimer SOX10 sites. Preference in selecting binding sites to undergo further analysis was given to consensus sequences with a higher TRANSFAC probability score, and that were conserved between human, mouse and rat. Conservation was assessed via visual examination of genomic sequences using the University of California at Santa Cruz (UCSC) Human Genome Browser (version hg18).
Consensus sequences were mutagenized by site-directed mutagenesis using the QuikChange II mutatgenesis kit (Stratagene) according to the manufacturer's specifications. Each site was mutagenized such that each consensus sequence was 'reversed' but not 'complemented' (Supplementary Material,  Fig. S3 ). This retains the GC content but should effectively abolish the binding of SOX10 and/or EGR2. For head-to-head SOX10-binding sites, both sites and the sequence between the two sites were mutagenized.
siRNA treatment
Either siRNA directed towards SOX10 (Ambion, 4390771) or a negative siRNA control (negative control #2, Ambion, AM4613) were transiently transfected into S16 cells with the Amaxa system (Lonza) using the Rat Neuron Nucleofection Solution. The transfected cells were incubated for 48 h before harvesting RNA using Tri Reagent (Ambion), and quantitative PCR was performed in duplicate to calculate the fold recovery, using the Comparative Ct method (70) .
Transient transfection of zebrafish embryos
Each EGFP reporter construct (please see above) was injected into single-celled, wild-type (AB) zebrafish embryos using the Tol-2-mediated transient transfection assay previously reported (55) . Embryos exhibiting EGFP expression by 24 hpf were selected and fixed in 4% paraformaldehyde at 74 hpf. Subsequently, each embryo was depigmented in 3% H2O2/0.5% 3 M sodium acetate and stored in 70% glycerol. Embryos were visualized using an Olympus model IX71 fluorescence microscope (Olympus America Inc., Center Valley, PA, USA) equipped with an F-View II digital camera (Olympus) using MicroSuite FIVE software (Olympus). All zebrafish studies were conducted in accordance with the University of Michigan Medical School's Committee on Use and Care of Animals (UCUCA).
